Abstract. We report on a recent work on the low-energy behavior of the breakup cross section in so far as it has important role in the fusion of weakly bound and halo nuclei at near-barrier energies. We assess the way the nuclear component of this cross section scales with the target mass. In complete accord with previous finding at higher energies we verify that the low energy behavior of the breakup cross section for a given projectile and relative center of mass energy with respect to the Coulomb barrier height scales as the cubic root of the mass number of the target. Surprisingly we find that the Coulomb component of the breakup cross section at these low energies also obeys scaling, but with a linear dependence on the target charge. Our findings are important when planning for experiments involving these exotic nuclei.
The effect of the coupling to the breakup channel on the complete fusion of weakly bound, and especially, halo nuclei, has been under great scrutiny both experimentally and theoretically [1] . It seems that this coupling hinders the fusion at energies above the barrier, and enhances the tunneling-dominated fusion below the barrier [2] . Owing to the importance of the breakup channel at these low energies, we make an effort to understand its cross section, and the relative importance of its Coulomb and the nuclear components. In particular, we investigate the dependence of these components on the mass number of the target nucleus. To be more specific we mention that in analyzing data on elastic breakup, the cross section is written as the sum of the Coulomb breakup piece, plus the nuclear breakup piece, plus the interference term.
The interest lies in σ bu C , as through it one can extract information about the collective response of halo and other weakly (bound) nuclei. What is first done (wrongly) is to ignore σ bu inter f erence , and consider σ bu N to scale linearly with the mass number of the target nucleus. We rely on a recent study of this topic, especially with regards to the dependence on the target mass, made at higher energies, [3, 4] . According to this study, the nuclear breakup cross section behaves at a given value of the bombarding energy, E Lab as, In the above P 1 and P 2 , given in mb, are functions of the bombarding energy, and structure of the projectile. This formula, well substantiated by extensive continuum discretized coupled channels calculation in [3] , is used to estimate the nuclear cross section for breakup on a heavy target, given the experimental value of the cross section on a light target such as 12 C, where the Coulomb breakup is usually much smaller. We mention here that [5] also derive a scaling law, but finds a different dependence on the target mass. For the heavy target case, the interest resides in exactly the Coulomb breakup, through which the dipole response can be extracted. In the procedure the interference between the nuclear and Coulomb contributions is ignored which is not always justified [3] . As mentioned above, the next step used by practitioners is to measure the breakup of, say, 11 Be on a 12 C target and assume it is predominantly nuclear, then extrapolate to the heavy targets such as the case of nuclear breakup contribution to 11 Be
N is calculated then it is subtracted from σ bu to extract σ bu C , and from it the dipole response,
where n E1 is the number of virtual photons, α is the fine structure constant, and dB(E1)/e 2 dE x is the dipole response. Of course the above procedure is faulty as the interference term could be important, as demonstrated in [3, 6] .
In Fig.1 we show the results of the CDCC calculation of [3] for the nuclear breakup cross sections of 8 B, 11 Be, and 7 Be, as functions of the mass number, at different bombarding energies. The non-halo projectile, 7 Be, seems to obey the scaling law quite well. The halo nu- Figure 1 . The points show the result of CDCC calculations of the elastic nuclear breakup cross-section for 8 B, 11 Be and 7 Be projectiles at the indicated energies, as a function of target mass number A T , along with linear fits. The units of P 1 and P 2 are millibarns [3] .
clei require values and signs of P 1 and P 2 which are not consistent with the simple scaling law, as at high energies these numbers must be positive (see discussion below).
At low energies, the above formula for the cross section is still valid, except that the reference to the energy is made in the form E/V B , where V B is the height of the Coulomb barrier, [6] . In the following we derive low energy formula of Eq. (2). We start with the Wong formula, [9] , for the fusion cross section taken to be the total reaction cross section without breakup. We write the Wong formula in a slightly different form
where Γ is an energy width related to the curvature of the Coulomb barrier as Γ = ω/2π, and R is position of the top of this barrier. Λ C is the critical angular momentum associated with fusion,
, where V B is the height of the Coulomb barrier and R is its position.
The total reaction cross section can be written as,
where ∆ is the increase in the critical angular momentum arising from the presence of other processes besides fusion. We consider in the following only breakup as contributing to these peripheral reactions. Accordingly ∆ measures the contribution of breakup. Thus the nuclear breakup cross section is taken to be related to the difference, σ R − σ F ,
which can be simplified by expanding to lowest order in ∆/Λ C , to give, T for the systems discussed in the text, for three energies close to the Coulomb barrier, [6] .
where we have used Λ
, with a being the diffuseness of the nuclear surface. Clearly P 1 = 2πa(1 − V B /E)R P and P 2 = 2πar 0 (1 − V B /E).
The equation above for σ bu N clearly shows that for a fixed E/V B and for a given projectile, the cross section scales linearly with the radius of the target. This was verified recently [6] , through a CDCC calculation, shown in Fig.2 below. The above formula for the nuclear breakup cross section represents the scaling low at low energies and reduces to the one discussed in [3] at higher energies. In [6] , the low energy scaling law was confirmed by a detailed CDCC calculation in connection with the effect of breakup on near-barrier energies. The CDCC results for 6 Li on three target nuclei shown in Fig.2 give values of 02020-p.2 P 1 and P 2 which are: (E cm /V B = 0.84; P 1 = −14.76mb, P 2 = 4.11mb), (E cm /V B = 1.00; P 1 = −62.60mb, P 2 = 16.94mb), (E cm /V B = 1.07; P 1 = −49.89mb, P 2 = 15.41mb). Only the last case, namely above barrier energy, is qualitatively consistent with the scaling formula. Nevertheless, one can still use this formula at lower energies as the CDCC calculation show. We mention here that the the case E c m/V B = 0.84 is to be considered with care, as the factor [1 − V B /E cm ] is negative here and the scaling law would not be so evident. However, the CDCC calculations performed here seem to show that even at subbarrier energies σ bu does depend on the target mass approximately as A
1/3
T , and accordingly follow the scaling law. This result may be traced to barrier tunneling effects in σ bu .
The Coulomb breakup cross sections calculated in [6] also exhibit scaling when plotted as functions of the target charge. Fig. 3 shows the results. This scaling can be understood from the low energy behavior of the Coulomb dissociation cross section [10] .
The above discussion about the scaling of the nuclear and Coulomb breakup cross sections at near-barrier energies, should be useful in the study of low energy fusion of weakly bound nuclei as it provides means to assess the feasibility of performing a given experiment which aims to discern the influence of breakup on fusion. More details concerning the material presented here can be found in [3, 6] . It should be mentioned that the low energy scaling law for the nuclear breakup cross section is of practical use in the planning of experiments to study the influence of breakup on fusion of weakly bound nuclei at near-barrier energies.
